Room temperature ferromagnetism in polycrystalline Co x Ce 1−x O 2−δ (0.001 x 0.10) bulk samples has been investigated. Annealing in the forming gas transformed the as-prepared paramagnetic into a ferromagnetic insulating material with over two orders of magnitude enhancement (from 3.7 × 10 −2 to 1.24 μ B /Co) in the magnetization. Structural characterization of both the as-prepared and H 2 -treated samples showed a single phase material. The incorporation of Co with the formation of oxygen vacancies in the oxide lattice was revealed by x-ray photoelectron spectroscopy (XPS). The presence of oxygen vacancies is indicated by the existence of mixed valence states of cerium (Ce 4+ and Ce 3+ ) in the high resolution XPS 3d spectrum. The role of the donor defects (oxygen vacancies) has been verified through the removal of oxygen vacancies. The ferromagnetic insulating ground state has been explained in terms of the interaction of the F + center and 3d magnetic cations. The connection between magnetic properties, electronic structure of the magnetic impurity and donor defect has been established. First principle calculations have been performed using the full potential linearized augmented plane wave method within the density functional theory (DFT) framework; these support our experimental findings. Both the experiment and calculations reinforced the crucial role of oxygen vacancies.
Introduction
The development of materials with high Curie temperature (T c ) has spurred a tremendous interest in wide bandgap magnetic oxide semiconductors (OS). In order to understand the vital role of defects in mediating the ferromagnetic exchange, defects and their link to ferromagnetism (FM) has been the focus of recent research. Defects, in particular, oxygen vacancies (V o ), appear to be critical in understanding the FM in oxide semiconductors [1] [2] [3] [4] . It has been proposed 4 Authors to whom any correspondence should be addressed.
that V o forming a donor impurity band can assist in establishing the FM exchange in OS including ZnO, TiO 2 , and SnO 2 [5] [6] [7] . Beside the general semiconducting behavior some wide bandgap materials such as CeO 2 are found to be ferromagnetic dielectrics/insulators [8] [9] [10] . Therefore, the exchange mechanism behind the room temperature ferromagnetism (RTFM) in such materials is expected to differ from that in magnetic oxide semiconductors. Hence, systematic studies of the magnetic and transport properties in these magnetic dielectrics are needed in order to understand the mechanism responsible for ferromagnetic interactions. Co (x = 0.045) 1.5 ± 0.2 μ B /Co Films (PLD) SrTiO3(001) Si(001) >400 [13] Co (x 0.132) ≈1 μ B /Co Films (electrochemical)
Si(001) >350 [10] Ni (x 0.04) 0.1 μ B /Ni Nanoparticles (sol-gel) -∼646 [16, 17] Co (x 0.075) 0.5 μ B /Co Nanoparticles (solid-state reaction) ->300 [18] Co (x 0. CeO 2 is a transparent rare-earth oxide and a potential candidate as a magnetic insulator with several interesting properties such as: (1) a high dielectric constant (ε = 26) (2) a face-centered cubic (FCC) lattice with a fluorite crystal structure which is well matched with silicon (Si) (3) a very stable structure that can exist even with large off-stoichiometric oxygen, for example, CeO 2−δ (0 δ 0.5) and (4) redox properties which can be widely used/studied in the field of catalysis [11] [12] [13] [14] .
An important aspect of CeO 2 was reported by Tiwari et al [12] , showing that cobalt-doped CeO 2 is ferromagnetic with a high magnetic moment (8.2 μ B /Co) and a high T c (725 K). In this case the giant magnetic moment was attributed to the unquenched orbital magnetic moments of Co. Following this study, there have been a number of reports on the FM in various 3d transition metals (TM)-doped CeO 2 is summarized in table 1. Although in most of the papers, the F-center exchange mechanism (mediated through oxygen vacancies) is believed to be responsible for the FM, no clear correlation between ferromagnetism and conduction properties was established. In addition, none of these works presented any relationship between sub-bandgap levels of defects/magnetic dopant, magnetic and transport properties. Therefore, considering the potential role of V o in FM exchange, it is important to carry out a detailed investigation on TM-doped CeO 2 .
We have carried out a series of systemic experiments for the study of structural, magnetic, and transport properties of the as-prepared, as well as reduced (annealed in hydrogen, referred to as hydrogen-treated) samples. In addition, we have performed first principle calculations based on the density functional theory (DFT) that fully supports our experimental findings. Moreover, our results demonstrate that the presence of carriers through V o enables magnetic percolation (not necessarily conductive percolation).
The correlation between the origin of ferromagnetism, conductivity, and the charge state of oxygen vacancies in the material has been described. It has been shown here that the magnetic properties of doped CeO 2 are more complex than previously reported. Finally, our adopted FM exchange mechanism in Co-doped CeO 2 is supported by a reverse experiment where we partially remove oxygen vacancies.
Experimental details
Polycrystalline bulk samples of Co x Ce 1−x O 2−δ (0.001 x 0.10) with oxygen vacancies (δ) were fabricated by the standard solid-state reaction method. Appropriate amounts of high purity CeO 2 (99.99%) and CoO (99.99%) powders were mixed thoroughly, palletized and calcined at 1300
• C for 10 h in air. The process of grinding, palletizing and calcining was repeated several times to ensure the uniform mixing of Co in Ce 1−x Co x O (x = 0.001, 0.002, 0.01, 0.03, 0.06 and 0.1) ceramic pellets. Annealing of the CeO 2 samples for each concentration of Co was done in the presence of a mixture of Ar (95%) and H 2 (5%) forming gas at 600
• C for 2 h (the samples are labeled as H 2 -treated).
In order to characterize the structure x-ray diffraction (XRD) with Cu Kα radiation (λ = 1.5405Å) was used. Scanning electron microscopy (SEM), energy dispersive xray (EDX) and x-ray photoelectron spectroscopy (XPS) were employed for compositional analyses. XPS was performed on samples with an SSI-M-probe equipped with an Al Kα monochromatic x-ray source and an energy resolution of ∼0.1 eV. The base pressure in the XPS chamber was about 1 × 10 −9 Torr prior to the start of data collection. In order to avoid any possibility of generating oxygen vacancies as a result of the high energetic x-rays, the spectra were collected right after exposing the sample to x-rays as described in the literature [23] . For charge neutralization, a 1 eV electron beam was used. A pass energy of 50 eV and an x-ray power of 100 W were employed. The charge correction was done using the carbon 1s peak (binding energy = 284.6 eV) as the reference. Magnetic measurements were carried out with a vibrating sample magnetometer (VSM, Lake Shore). Transport properties were measured using a standard fourprobe technique.
Results and discussion
X-ray diffraction analyses of the as-prepared and the H 2 -treated samples indicate that all the samples with x 0.1 are single phase and have the same fluorite structure of CeO 2 . None of the samples in our compositional range of x 0.1 showed any evidence of impurity phases. This shows that H 2 treatment has no effect on the structure of the Co-CeO 2 matrix. The XRD data of the as-prepared and H 2 -treated samples is shown in figures 1(a) and (b).
A detailed study of the XPS spectra of Co 2p and Ce 3d regions has been performed to identify the oxidation states of Co and Ce ions. In addition, oxygen (O) 1s regions are used to obtain the information on the presence/absence of [24] . This is an excellent match with the reported energy difference for Co surrounded by O atoms in the tetrahedral symmetry (15.5 eV), whereas the energy difference for metallic cobalt is 15.05 eV [24] . Our XPS spectra of the Co 2p region suggest that Co is in a 2+ formal oxidation state.
The oxidation states of Ce can be determined by analyzing the Ce 3d spectra, shown in figure 3. These spectra exhibit clear differences between the as-prepared (figure 3(a)) and H 2 -treated ( figure 3(b) ) samples. The differences appear to be due to the presence of Ce 4+ and Ce 3+ ions. Literature indicates that the Ce 3d spectrum can be fully described by five spinorbit doublets (3d 5/2 and 3d 3/2 ) [25] . The multiplicity of these states arises from different Ce 4f level occupancies in the final state. In the absence of defects, Co x Ce 1−x O 2−δ samples are expected to contain only the Ce 4+ ions. The Ce 3d spectrum of Ce(IV) oxide shows three pairs of doublets shown in table 2 (U/V, U /V and U /V ). The labels follow the convention established by Burroughs et al [25] . The highest binding energy peaks, U and V arise from a Ce(3d 9 ) O(2p 6 ) Ce(4f 0 ) final state [26] . The lower binding energy states, U and V arise from the final state Ce(3d 9 ) O(2p 5 ) Ce(4f 1 ), and the doublet U and V from the final state Ce(3d 9 ) O(2p 4 ) Ce(4f 2 ). In the case of Ce(IV) oxide, V and U spin-orbit splitting is 18.3 eV [27] , whereas in the case of Ce(III) oxide, Ce 3d spectrum consists of two pairs of doublets (U 0 , V 0 , U and V ). Similar to the case of Ce 4+ , the doublets U 0 /V 0 and U /V correspond to the final state Ce(3d 9 ) O(2p 6 ) Ce(4f 1 ) and Ce(3d 9 ) O(2p 5 ) Ce(4f 2 ), respectively. From the above discussion, the spectral features, characteristic of either Ce 4+ or Ce 3+ , can be used to identify the presence of these species in our samples. It is obvious from the spectra that both the as-prepared ( figure 3(a) ) and the H 2 -treated ( figure 3(b) [28] . Hence the XPS results conclude that a high concentration of oxygen vacancies is present in the H 2 -treated samples.
In addition to the high resolution spectra of Co and Ce, figure 4 shows the O 1s core level spectra for the as-prepared (x = 0.03, 0.06 and 0.1) and H 2 -treated (x = 0.03 and 0.1) Co x Ce 1−x O 2−δ samples. It is important to note that all the samples were collectively loaded in the XPS chamber for data collection under the same conditions. Analysis of the O 1s XPS spectra for the as-prepared samples shows a slightly asymmetric peak, which can be fitted by two Gaussian peaks. The de-convoluted peak at a lower binding energy is labeled as peak 1, whereas the peak at a higher binding energy is labeled as peak 2. In the as-prepared samples, the asymmetry associated with the O 1s peak increases with increasing Co concentrations in the samples. This increase becomes remarkably pronounced in the H 2 -treated samples. Furthermore, a close examination of the relative areas of peak 2 and peak 1 (shown in figure 5 ) exhibits an interesting feature where the ratio of the area of the peaks (peak 2/peak 1) increases as the Co concentration increases or samples are H 2 -treated. This trend appears to be due to the creation of oxygen vacancies as a result of non-isovalent dopant or annealing in H 2 environment. It is worth mentioning that there is a controversy in the interpretation of O 1s XPS spectra for oxides such as TiO 2 , ZnO, and CeO 2 . There are reports, which indicate that the high binding energy peak arises from hydroxyl groups OH, or other radicals on the sample surface such as CO, or CO 2 [26, 29, 30] . However, the high binding energy peak in an O1s spectrum could also be related to the presence of V o [31, 32] . In our case with increasing Co concentration as well as H 2 treatment, there is a systematic increase in the high binding energy component of the O 1s spectrum. This feature is accompanied by an increase of Ce 3+ ions, a peak (V ), and a decrease of Ce 4+ ions whose characteristic peak is U . Thus the analysis of the Ce 3d spectrum reveals that oxygen vacancies are accompanied with Ce 4+ reducing to Ce 3+ , which is consistent with the evolution of the high binding energy peak in the O 1s core level spectra. The existence of the peak at a higher binding energy can be explained as 1s electrons in oxygen are more tightly bonded to oxygen in the case of the 3+ oxidation state of cerium (O-Ce 3+ bond), as compared to cerium in the 4+ state (O-Ce 4+ bond). Based on the above discussion it is clear that the asymmetry in the O 1s spectrum is related to the presence of oxygen vacancies. In addition, figure 5 includes the oxygen vacancies calculated from the charge neutrality condition as well as from the relative area of V and U , which is an indirect way to show the presence of the oxygen vacancy density through the signature of Ce 3+ in the Ce 3d spectrum. Hence, the presence of oxygen vacancies is confirmed by analysis of both by the Ce 3d and the O 1s core level spectra.
Having confirmed the presence of oxygen vacancies, it is important to understand how the magnetic and transport behaviors are affected by these vacancies in Co-CeO 2 . To this end, we studied the magnetic hysteresis curves of the pure CeO 2 and Co-CeO 2 in the as-prepared and H 2 -treated conditions. Pure CeO 2 samples in both the as-prepared and the H 2 -treated condition are observed to be paramagnetic (PM) whereas Co-CeO 2 samples under the same treatment show ferromagnetic behavior for all Co concentrations. Magnetic hysteresis (MH) loops of the as-prepared and H 2 -treated Co x Ce 1−x O 2−δ samples are shown in figures 6(a) and (b). To quantify the magnetic parameters including ferromagnetic saturation magnetization M S FM , remanence M R FM , and intrinsic coercivity H ci , we used the following fitting function, made up of FM and PM parts [33] :
The first term is a ferromagnetic (FM) hysteresis curve and the second represents a possible paramagnetic (PM) contribution. The parameters obtained for Co x Ce 1−x O 2−δ asprepared and H 2 -treated samples are summarized in figure 7 . Interestingly, even for 0.1% Co concentration, the as-prepared sample shows room temperature ferromagnetism with a magnetic moment of 3.7 × 10 −2 μ B /Co and coercivity of about 208 Oe. The magnetization is observed to increase with increasing Co concentration. It is important to mention that although the magnetization of the samples increases with increasing Co concentration in the sample, the magnetic moment per Co atom decreases. Moreover, there is an increase of over an order in magnetization of the samples with H 2 treatment. However, there is no clear trend in the magnetic moment per Co (μ B /Co) with Co concentration in the H 2 -treated samples ( figure 7(c) ). The maximum value of magnetization observed is 1.24 μ B /Co for H 2 -treated samples with 3% Co-doping. To examine the room temperature ferromagnetism in Co-CeO 2 , we consider four possible types of magnetic states for Co in the CeO 2 matrix: (a) FM exchange coupling; (b) FM Co clusters; (c) isolated PM Co due to small doping concentrations; (d) antiferromagnetic (AFM) exchange coupling between Co atoms through oxygen.
In order to check for the presence/absence of metallic Co clusters, we assume that the observed FM is due to the embedded Co clustering effect. In this scenario, if we consider the magnetic moment of metallic Co, which is 1.72 μ B /Co, one can estimate the amount of Co clusters in the samples [34] . Based on such calculations, about 70% of the doped Co has to form clusters to give the observed moment 1.24 μ B /Co. This large fraction of the substituted Co in cluster form is more than enough to show up in the XPS 2p spectrum of Co. However, there is no indication of metallic Co in the XPS data. Hence, it is clear that in our Co-CeO 2 samples the observed FM signal is not due to Co clusters. Furthermore, the enhancement in FM as a result of annealing the as-prepared samples in H 2 environment can be attributed to the creation of oxygen vacancies. It appears that there might be a bigger fraction of isolated Co ions unable to interact via exchange coupling with each other and remaining in the paramagnetic state. When samples are H 2 -treated, an increase in the defect (V o ) density is expected, which gives rise to FM coupling among the isolated Co atoms. The key issue here is to understand the role of oxygen vacancies in the FM in Co-CeO 2 . The exchange mechanisms that could establish the ferromagnetism are Ruderman-KittelKasuya-Yosida (RKKY) interactions and/or bound magnetic polarons (BMP) [5] . The former requires a metallic system whereas the latter can exist in semiconducting/insulating materials. Taking into account the existence of oxygen vacancies in our system, we consider the FM exchange mechanism further rather than interpreting the behaviors with the usual BMP theory. There is a sub category of BMP theory named F-center exchange (FCE) [5, 7] . This candidate mechanism has been applied to explain the room temperature FM in magnetic insulators, e.g. TiO 2 and SnO 2 .
The F-center exchange (FCE) mechanism deals in depth with the FM arising due to the presence of oxygen vacancies. There are three possible charge states of an oxygen vacancy: (a) F 2+ center with no trapped electrons; (b) F + center with one trapped electron and (c) F 0 center with two trapped electrons. The F 0 center charge states are in a singlet (S = 0) state and form a shallow donor level or lie above the conduction band edge. This can only mediate weak AFM exchange between magnetic dopants. In some cases, the impurity band which is formed due to the F 0 center states when the overlap with the conduction band of the host oxide (4s band), it favors the FM [5] but its strength is very weak. In contrast to this, singly occupied vacancies (F + center) lie deep in the gap and favor a FM ground state as shown in figure 8 .
The transport behavior of the material was considered to further investigate the underlying mechanism in the FM coupling in Co x Ce 1−x O 2−δ . To this effect the resistivity of the samples was measured using the four-probe technique. All the as-prepared Co x Ce 1−x O 2−δ samples have very high resistivity at room temperature, above the measurement limit of the setup (10 6 cm). This suggests a very small carrier concentration in the as-prepared samples, not capable of establishing the long range FM coupling among Co atoms. This insulating state, with resistivity greater than 10 6 cm, persists in the samples even after H 2 -treatment. Therefore, itinerant FM exchange is not valid in this case.
To correlate the magnetic and transport behaviors of the samples, the F + center is the underlying mechanism in establishing the FM state. As discussed earlier, electrons in these singly occupied oxygen vacancies (F + ) are strongly localized. The localization radius is ε(m/m * )a 0 , where ε is the dielectric constant, m and m * are the mass and effective mass of an electron with a 0 as the Bohr radius [5] . Thus the estimated value for the F-electron orbital in CeO 2 (ε = 26) is about 46Å. This explains the smaller magnetic moment in the as-prepared samples. That is, at low Co concentrations, the magnetic dopants are far apart and cannot be coupled through F + centers, resulting in small magnetization in the as-prepared samples (6 × 10 −3 -3.7 × 10 −2 μ B /Co). Contrary to the asprepared samples, in the H 2 -treated samples, enough V o is created (preferentially near Co ions) to form the F + center, which is capable of mediating strong FM coupling. The critical F + center density (n vo ) required for a long range FM order can be estimated to be γ 3 δ p = n vo /n o ≈ 4.3 [5] , where γ = ε (m/m * ) and n o is the oxygen density (5 × 10 28 m −3 ) in CeO 2 . In the present case, using ε = 26 and m * /m = 0.3 for CeO 2 with a fluorite structure, n vo is calculated to be ≈3 × 10 23 m −3 . Once the F + center density reaches this critical value for magnetic percolation, these F + centers overlap, which results in the spin polarization of the majority of Co ions. This leads to an increase in the magnetization in H 2 -treated samples ( figure 7(c) ). Thus, it seems very likely that doped magnetic impurities (Co) in CeO 2 form relatively deep levels in the CeO 2 bandgap. Furthermore, these deep lying energy levels of Co might energetically align with the defect level (F + center) and lead to a long range ferromagnetic ordering even in the absence of itinerant carriers.
We performed first principle calculations in order to support the experimental results. The calculations were carried out using the full potential linearized augmented plane wave method [35] and the generalized gradient approximation within the density functional theory (DFT) framework [36, 37] . Details of the calculations will be reported elsewhere [38] . Our calculations show that in pure CeO 2 , the oxygen vacancy On the other hand, in Co x Ce 1−x O 2−δ , besides spinpolarized Co in a high spin state, the substituted Co also effectively spin-polarizes the neighboring Ce and O atoms. The calculated density of states (DOS) for 12.5% Co-doped CeO 2 is shown in figure 9 . The DOS around the Fermi level are determined by p orbitals of O, d orbitals of Co, and d and f orbitals of Ce. Parts of the d and f orbitals of Ce are occupied as they cross the Fermi level. This suggests that Co-CeO 2 is ferromagnetically stable. The study of the electronic structures and magnetic properties for 25% and 12.5% Co-doped CeO 2 illustrate that, at 12.5%Co concentration, the nearest neighbor (NN) O atoms will be more effectively spin-polarized, and the next NN Ce atoms also tend to be polarized indirectly by Co via O. Furthermore, the calculated magnetic moments of CeO 2 with a varied Co content are qualitatively in accordance with the experimental trends shown in figure 7(a) , i.e., at lower Co concentrations, O atoms neighboring a Co atom are more effectively spin-polarized, thus causing larger magnetic moments, leading to an inverse correlation between saturation moments and Co contents.
Next we considered the coexistence of magnetic dopant (Co) and oxygen vacancies in CeO 2 . To clarify the role of oxygen vacancies in spin-polarization of the neighboring Ce, the Co content and oxygen vacancies are fixed at 12.5% and 6.25%, respectively, but the specific position of the oxygen vacancy (V o ) is varied in figure 10 as in case 1 (V o and Co as NN) and case 2 (V o and Co are not NN). The corresponding total DOS and partial DOS for Co are shown in figure 10 . With the same amount of oxygen vacancy, the moment contributed by Co, Ce and O in case 1 are smaller than in case 2, which results in different overall magnetic moments in these two cases. This strong dependence of total magnetic moment on the local electronic environment of magnetic dopant (Co) can also be used to explain the randomness of saturation magnetization with variations of Co-doping for hydrogen-treated Co x Ce 1−x O 2−δ samples ( figure 7(c) ), though this assumption needs further investigations.
Finally, in order to check the validity of FCE mechanisms, we performed a reverse experiment by annealing the H 2 -treated samples in an O 2 atmosphere. We expected that the change in the F + center density would significantly affect the magnetic behavior. Magnetization hysteresis loops corresponding to alternative H 2 -and O 2 -treatment are plotted in figure 11(a) , whereas the inset shows the M H loops for the as-prepared and the O 2 -re-treated samples. Samples treated first in H 2 show strong ferromagnetism. The second O 2 -treatment, which is expected to decrease the oxygen vacancy density, suppresses the ferromagnetism. By re-introducing F + centers through a second H 2 -treatment, a strong ferromagnetism is achieved again.
It is noteworthy that after the first H 2 -treatment, O 2 -retreatment does not recover the as-prepared state, rather it leads to a lower magnetization than of that in the as-prepared samples. However, further alternating H 2 -and O 2 -treatments are completely reversible, i.e. the magnetic properties are the same in O 2 (H 2 ) treated samples regardless of its treatment sequence. This observation illustrates that the as-prepared state had some donor defects in addition to oxygen vacancies due to charge neutrality condition. These native defects and oxygen vacancies created due to H 2 -treatment are compensated in O 2 annealing. But the presence of Co 2+ in Ce 4+ site prevents the complete removal of oxygen vacancies and its associated ferromagnetism. Therefore, after the first cycle of O 2 treatment, the sample can be switched back and forth with alternative H 2 and O 2 annealing. Figure 11(b) shows the magnetization and coercivity values extracted from the magnetization loops, respectively.
Conclusion
We have systematically studied the structural, transport and magnetic behaviors of Co x Ce 1−x O 2−δ (x = 0.001, 0.005, 0.01, 0.02, 0.03, 0.06 and 0.10, δ = oxygen vacancies) samples. Structural analyses of the x-ray diffraction data indicate that all the samples are single phase with no indication of Co metal or Co oxides. X-ray photoelectron spectroscopy of cobalt show that Co is in the form of Co 2+ and is incorporated in the host oxide matrix. The presence of oxygen vacancies are corroborated through the XPS analyses of the 3d spectra of cerium for Co x Ce 1−x O 2−δ samples, which also shows that Ce 4+ reduces to Ce 3+ , either with Co-doping or annealing in the forming gas. Our experiments indicate that all the doped samples exhibit a room temperature ferromagnetic insulating ground state. Furthermore, the experimental and first principle calculations show that ferromagnetism is intimately linked with oxygen vacancies which help enhance the FM coupling of the Ce, as well as the doped magnetic impurity spins. For the ferromagnetic ground state, the F + center ferromagnetic exchange mechanism, which involves a spin-polarized electron trapped at an oxygen vacancy, is suggested. Our proposed ferromagnetic exchange mechanism in Co x Ce 1−x O 2−δ samples is successfully supported by a reverse experiment as well as the electronic structure of the carrier associated with the defect (F + center) and magnetic impurity (Co).
